a-and fl-Chains were isolated by sequential ion-exchange and gel-filtration chromatography of guanidinium chloride-soluble dentine collagen obtained from Tris/NaClextracted EDTA-demineralized lathyritic-rat incisors. The a-chains were identified as alI and a2 by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis and amino acid analysis of the intact chains and their CNBr peptides. The dentine a-chains exhibited higher lysine hydroxylation and phosphate content, but lower hydroxylysine glycosylation, than a-chains from skin. Increased lysine hydroxylation was observed in the helical sequences. The all/a2 ratio was approx. 3: 1, and was presumably due to the presence of (alI)3 molecules along with (a1I)2a2 molecules as shown recently for neutral-salt-soluble dentine collagen [Wohllebe & Carmichael (1978) Eur. J. Biochem. 92,[183][184][185][186][187][188]. In the borohydride-reduced fll-and fi12-chains from guanidinium chloride-soluble dentine collagen, the reduced cross-links hydroxylysinohydroxynorleucine and hydroxylysinonorleucine were present. A higher proportion of hydroxylysinonorleucine in the reduced 1112-chain probably reflects differences in extent of hydroxylation of specific lysine residues of the all-and a2-chains.
dentine collagen [Wohllebe & Carmichael (1978) Eur. J. Biochem. 92, [183] [184] [185] [186] [187] [188] . In the borohydride-reduced fll-and fi12-chains from guanidinium chloride-soluble dentine collagen, the reduced cross-links hydroxylysinohydroxynorleucine and hydroxylysinonorleucine were present. A higher proportion of hydroxylysinonorleucine in the reduced 1112-chain probably reflects differences in extent of hydroxylation of specific lysine residues of the all-and a2-chains.
The major component of the organic matrix of dentine is collagen. The insolubility of dentine collagen, attributed to a high degree of intermolecular cross-linking and tight mechanical weave (Veis & Schleuter, 1964) , has presented formidable difficulties for the biochemical characterization of this protein. It has been possible to characterize the genetic species of collagen in rat (Butler & DeSteno, 1971) and bovine (Volpin & Veis, 1973; Scott & Veis, 1976) dentine by cleavage by CNBr of insoluble dentine. These studies showed dentine collagen to be essentially type I, albeit with unique post-translational modifications, notably covalent attachment of phosphate groups and increased lysine hydroxylation and intermolecular cross-linking, distinguishing it from the type I collagen of skin.
Aside from their role as structural components of teeth and bones, the collagen molecules of these tissues may be actively involved as heterogeneous catalysts for nucleation and deposition of hydroxyapatite (Glimcher & Krane, 1968; Neuman & Neuman, 1958) . Previous studies on collagenmineral interactions in vitro have been carried out with purified collagens from soft tissues that do not normally calcify, or with insoluble-collagen preparations from bone and dentine. More recent work (Veis et al., 1977) on the non-collagenous proteins associated with bone and dentine collagens indicates that these proteins are most likely involved in the Vol. 181 mineralization of these tissues. Although most of these proteins are removed from collagen during or after demineralization of bones and teeth, there appears to be a fraction that is only released after collagen degradation. Hence the assessment of a role for collagen in mineralization of bone and dentine requires that a highly purified soluble hardtissue collagen preparation be available for studies of collagen-mineral interactions. Experimental lathyrism (for a review see Tanzer, 1965) , which results in enhancement oftissue-collagen solubility by inhibition of cross-linking, has been used successfully to obtain soluble collagens from chick bone (Miller et al., 1967) , chick cartilage (Miller, 1971) and rat bone (Stolz et a!., 1973) . Previous work (Carmichael et al., 1974) demonstrated the partial solubilization of dentine collagen by guanidinium chloride extraction of acetic aciddemineralized lathyritic-rat incisors. In subsequent work we carried out demineralization ofthe lathyriticrat incisors with EDTA at neutral pH to minimize the proteolytic cleavage of non-helical extensions from the collagen chains shown to occur under acidic conditions (Rauterberg, 1973) . Extraction of the EDTA-demineralized matrix with Tris-buffered NaCI yielded an undenatured dentine collagen fraction, which we have partially characterized (Wohllebe & Carmichael, 1978) . In the present paper we report the isolation and characterization ofthe guanidinium chloride-soluble collagen obtained from the Tris/NaCI-extraction residue, as well as further characterization of the undenatured neutralsalt-soluble collagen, of lathyritic-rat incisors. Acid-soluble rat skin collagen was prepared by the method of Piez et al. (1963) . EDTA-demineralized rat incisor dentine matrix was prepared as previously described (Wohllebe & Carmichael, 1978) .
Experimental

Methods
Soluble dentine collagen preparations. EDTAdemineralized rat incisor dentine matrix was sequentially extracted at 4°C with (a) 0.05M-Tris/HCI, pH7.4, containing I M-NaCl, for 3 x 24h, and (b) 0.05M-Tris/HCI, pH 7.4, containing 5M-guanidinium chloride and 1 mM-dithiothreitol, for 1 week. Extraction residues and pooled extracts were dialysed against water to remove buffer salts, freeze-dried and weighed. The non-diffusible collagenous materials solubilized by Tris-NaCl and Tris/guanidinium chloride were freed from non-collagenous acidic macromolecules by DEAE-cellulose chromatography (Miller, 1971) , and are subsequently referred to as neutral-salt-soluble dentine and guanidinium chloride-soluble dentine respectively.
Limited pepsin digestion. To determine the extent of denaturation of the soluble collagens, both neutral-salt-and guanidinium chloride-soluble dentines were subjected to limited proteolysis by pepsin by the method of Layman et al. (1971) , with minor modifications (Wohllebe & Carmichael, 1978) , and examined by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis.
Isolation of collagen chains from soluble dentines. Electrophoretically homogeneous a-and ,B-chains were obtained from neutral-salt-and guanidinium chloride-soluble dentines by sequential ion-exchange and gel-filtration chromatography (Wohllebe & Carmichael, 1978) .
CNBr cleavage. Collagenous samples were stirred for 4h at room temperature (23°C) in stoppered N2-flushed flasks with deaerated 70% (w/w) formic acid containing CNBr (13mg/ml) and dithiothreitol (1.54mg/ml), at a ratio of 2mg of collagen to 1 ml of the formic acid solution of CNBr. Reaction was stopped by 15-fold dilution of the reaction mixture with water, followed by freeze-drying. The freezedried digests were dissolved in 0.15M-acetic acid, filtered, and desalted on a Bio-Gel P-2 column (2.6cm x 45 cm), and freeze-dried.
Isolation of CNBr peptides. Desalted CNBr peptides were chromatographed on CM-cellulose under conditions indicated in the legend to Fig. 4 . Individual CM-cellulose fractions were desalted on a Bio-Gel P-2 column (2.6cmx60cm) in 0.15M-acetic acid, freeze-dried and rechromatographed on a Bio-Gel A1.5m column (2.6cmx 106cm) in 0.05 M-Tris/HCl, pH 7.4, containing 2M-guanidinium chloride. Bio-Gel A1.5 m column fractions were desalted on Bio-Gel P-2 and freeze-dried.
Sodium dodecylsulphate/polyacrylamide-gelelectrophoresis. For collagen chains, electrophoresis was carried out on 5 % (w/v) acrylamide gels (Furthmayr & Timpl, 1971) . For CNBr peptides, electrophoresis was carried out on 7.5% (w/v) acrylamide gels by the method of Scott & Veis (1976) . In both cases, gels were stained with Coomassie Blue, destained with 10% (v/v) acetic acid and scanned at 560nm.
Amino acid analysis. Samples were hydrolysed in 6M-HCl for 20h at 108°C in N2-flushed evacuated tubes and analysed by a single-column method on a JEOL JLC-5AH amino acid analyser.
Hydroxylysine glycoside analysis. Samples were hydrolysed in 2M-NaOH in Teflon screw-capped bottles under N2 for 24h at 105°C. After acidification with dilute HCl, the hydrolysates were immediately chromatographed on a Jeol LC-R-2 column (0.8 cm x 45 cm). Elution was carried out at a flow rate of0.8 ml/ min with 0.033M-sodium citrate buffer, pH4.95, for 1 50min to elute glucosylgalactosylhydroxylysine (retention time 101 min), and with 0.266M-sodium citrate buffer, pH4.5, for 100min to elute galactosylhydroxylysine (retention time 178min). The initial column temperature was 47°C, and I 10min after the start of the chromatographic run, the column temperature was 70°C.
Reduced-cross-links analysis. Samples were reduced with calibrated (Paz et al., 1970 ) NaB3H4, hydrolysed in acid and analysed for reduced cross-links (Carmichael et al.. 1975) .
Phosphate analysis. Samples were hydrolysed in 6M-HCI as described under 'Amino acid analysis', evaporated to dryness in vacuo, and analysed for phosphate by the method of Ames (1966) . 1979 Results and Discussion
Extraction ofsoluble dentine collagens The solubilization and recovery results are summarized in Table 1 . The difference in the amounts of material solubilized from lathyritic and normal dentine matrices is almost entirely due to the presence of soluble collagen in the lathyritic matrix. The nondiffusible Tris/NaCl and Tris/guanidinium chloride extracts were passed through DEAE-cellulose (Miller, 1971) to remove residual non-collagenous acidic macromolecules not extracted by EDTA, yielding neutral-salt-soluble dentine and guanidinium chloride-soluble dentine respectively.
The total amount of soluble collagen obtained from EDTA-demineralized lathyritic-rat incisors was significantly greater than that previously obtained by Carmichael et al. (1974) from acetic aciddemineralized lathyritic-rat incisors. The removal of associated non-collagenous proteins during EDTA demineralization probably rendered the collagen more accessible to the extraction solvents. Indeed, when acetic acid-demineralized lathyritic-rat incisors were first extracted with Tris/NaCl to remove phosphoproteins (Butler et al., 1972) Furthmayr & Timpl (1971) . Migration of proteins was from the negative to the positive electrode. (a) Neutral-salt-soluble dentine; (b) pepsin digest of neutral-salt-soluble dentine; (c) guanidinium chloride-soluble dentine; (d) tine render even poorly cross-linked dentine collagen from lathyritic rat less susceptible to solubilization.
Subunit composition ofsoluble dentine collagens The sodium dodecyl sulphate/polyacrylamide-gel patterns of neutral-salt-soluble and guanidinium chloride-soluble dentines, both before and after limited pepsin digestion, are shown in Fig. 1 . Both soluble dentines were predominantly made up of collagen a-chains. However, a greater proportion of /-and y-chains and higher aggregates was present in guanidinium chloride-soluble dentine than in neutral-salt-soluble dentine. After limited pepsin digestion, the electrophoretic pattern was essentially unchanged for neutral-salt-soluble dentine, indicating that it was predominantly undenatured collagen. In contrast, guanidinium chloride-soluble dentine was almost completely degraded into fragments smaller than at-chains, and no material exhibiting mobilities lower than a-chains was observed after pepsin digestion. Electrophoretic banding patterns were unchanged under reducing conditions, indicating the absence of disulphide-Enked collagen and procollagen chains of type III or IV, or of disulphidelinked procollagen type I.
Isolation ofdentine collagen chains
Both neutral-salt-soluble and guanidinium chloride-soluble dentines were initially chromatographed on DEAE-cellulose to remove any procollagens (Byers et al., 1974) . The bulk of the neutral-salt-soluble and guanidinium chloride-soluble dentines were recovered as collagen chains in the unretarded fraction. The unretarded fractions were then chromatographed on CM-cellulose under denaturing conditions (Miller, 1971) . A comparison of the CM-cellulose elution patterns (Fig. 2) of neutral-salt-soluble dentine collagen and guanidinium chloride-soluble dentine collagen with that of acid-soluble rat skin collagen showed that the al-to a2-chain ratio, calculated from the total a-and fl-chain content of the soluble collagens, was higherforthedentine collagens than for skin collagen. Individual fractions obtained from each soluble dentine collagen by CM-cellulose chromatography were rechromatographed on Bio-Gel Al.5m (Piez, 1968) to yield individual a-and f#-chains for further characterization. Amino acid composition and hydroxylysine glycoside content of dentine a-chains
The amino acid compositions of the isolated dentine ax-chains are shown in Table 2 , in comparison with those of the corresponding a-chains from rat bone and rat skin (Stolz et al., 1973) . There was no significant difference between the neutral-salt-soluble and guanidinium chloride-soluble dentine collagen a-chains. Although the methionine values were low for the dentine a-chains, these chains gave CNBr peptides characteristic of all-and tx2-chains, as discussed in detail below. The low values for methionine probably arose from some oxidation of methionine to methionine sulphoxide and methionine sulphone during acid hydrolysis. In our analytical system, methionine sulphoxide is detected as a discrete peak, but methionine sulphone is not because it co-elutes with aspartic acid. Any sulphone present would therefore be masked by and included in the aspartic acid peak. Rat dentine a-chains, like rat bone a-chains, exhibited higher lysine hydroxylation than rat skin a-chains. This suggests a role for lysine hydroxylation in cross-linking and mineralization. Thus the extent of lysine hydroxylation of the soluble collagen chains appears to correlate well with the amounts of stable hydroxylysine-derived reducible cross-links (Mechanic et al., 1971 ) and the degree of insolubility of intact dentine, bone and skin. Bone and dentine collagens both mineralize in vivo, and they exhibit similar amounts of lysine hydroxylation. A correlation between the increased hydroxylysine content of bone collagen and its increased affinity in vitro for hydroxyapatite over skin collagen (Nawrot et al., 1976; Nawrot & Campbell, 1977) has been suggested. It is plausible that groups responsible for enhanced binding to hydroxyapatite in vitro may also be involved in mineral binding in vivo by participating in specific arrays of reactive groups that act as mineral-nucleation sites.
The hydroxylysine glycoside contents of rat dentine a-chains are compared in Table 3 with those of rat bone and rat skin all-chains. The increased hydroxylation of lysine of the rat dentine and rat bone alI-chains was not accompanied by a Vol. 181 Stolz et al. (1973) . t Based on a total hydroxylysine content of 16.1 residues/1000 amino acid residues for the rat dentine ajI-chain.
t Based on a total hydroxylysine content of 14.0 residues/1000 amino acid residues for the rat dentine a2-chain.
corresponding increase in glycosylation of hydroxylysine. Thus, whereas lysine hydroxylation increased in the order skin < bone < dentine, hydroxylysine glycosylation decreased in the order skin > bone> dentine. Rat dentine allI-chains were less glycosylated than rat dentine a2-chains. Volpin & Veis (1973) have shown that bovine dentine a2-chains exhibited Fig. 3 . Sodium dodecyl sulphate/polyacrylamide-gel electrophoresis ofthe CNBr peptides ofthe a-chainsfrom rat dentine and rat skin Electrophoresis was carried out by the method of Scott & Veis (1976) . Migration of peptides was from the negative to the positive electrode. Numbers above peaks represent known CNBr peptides. CNBr peptides are from rat skin alIchains (a), rat skin a2-chains (b), neutral-salt-soluble dentine ajl-chains (c), neutral-salt-soluble dentine a2-chains (d), guanidinium chloride-soluble dentine alI-chains (e) and guanidinium chloride-soluble dentine a2-chains (f).
higher hydroxylysine glycosylation than bovine dentine a1l-chains. The role of hydroxylysine glycosides is not clear, although they have been suggested to play a role in collagen fibre morphology (Morgan et al., 1970) and cross-link regulation (Robins & Bailey, 1974) . It has been suggested that calcification may be regulated by the nature of the hydroxylysine glycosides in bone collagen, the diglycosylated hydroxylysine perhaps preventing mineral deposition due to steric hindrance (Toole et al., 1972) , but Royce & Barnes (1977) have shown that there is no correlation between the nature of hydroxylysine glycosides and mineralization in chick bone. Nevertheless it is plausible that hydroxylysine glycosides may influence mineralization of der.tine collagen by its possible involvement as the site of covalent 1979 attachment of a non-collagenous phosphoprotein moiety to dentine collagen (Carmichael et al., 1971) , since these non-collagenous phosphoproteins associated with dentine collagen have been suggested to be actively involved in the mineralization process (Veis et al., 1977) .
CNBr peptides ofsoluble dentines The CNBr-peptide patterns of the dentine a-chains after sodium dodecyl sulphate/polyacrylamide-gel electrophoresis are compared with those of acidsoluble rat skin a-chain CNBr peptides in Fig. 3 . It is clear that the soluble dentine a-chains exhibited peptide patterns identical with those of rat skin alI-and a2-chains.
The large CNBr peptides were isolated from guanidinium chloride-soluble dentine. CM-cellulose chromatography (Fig. 4) yielded peptide fractions that were further chromatographed on Bio-Gel A1.5rm to give electrophoretically homogeneous peptides alI CB3, all CB6, all CB7, all CB8 and a2 CB4. Electrophoretically homogeneous peptide a2 CB3.5 was more easily obtained by Bio-Gel Al.5m chromatography of the first major peak initially obtained by Bio-Gel Al .5 m chromatography of the guanidinium chloride-soluble dentine CNBr digest.
The amino acid compositions of the rat dentine Fraction no. Fig. 4 . CM-cellulose chromatography of the CNBr digest ofguanidinium chloride-soluble dentine Guanidinium chloride-soluble dentine was digested with CNBr in 70 % (w/w) formic acid. The digest was freeze-dried, dissolved in 0.15M-acetic acid and filtered. The 0.15 M-acetic acid-soluble CNBr peptides were chromatographed at 42°C on a CM-cellulose column (1.6cmx 12cm). Elution was carried out with 0.02M-citrate buffer, pH3.6, superimposed with a linear NaCI gradient from 0.01 to 0.16M-NaCl over a total volume of lOOOml at a flow rate of lOOml/h. Horizontal bars represent fractions pooled for further purification by gel-filtration chromatography.
Peaks 1, 2, 3, 4 and 5 yielded peptides all CB3, ald CB6, ald CB7, aj1 CB8 and a2 CB4 respectively.
Vol. 181 all-chain CNBr peptides are compared in Table 4 with those of the corresponding peptides from rat bone (Stolz et al., 1973) . The composition of the corresponding rat or calf skin peptides obtained from sequence data (Fietzek & Kuhn, 1976 ) is also shown for further comparison. The dentine peptides all CB3, ail CB7 and all CB8 all showed higher amounts of lysine hydroxylation compared with skin peptides, and similar lysine hydroxylation compared with the bone peptides.
The amino acid composition ofrat dentine peptides a2 CB4 and a2 CB3.5 are compared in Table 5 with the corresponding peptides from rat skin and bovine dentine (Volpin & Veis, 1973) . The greater lysine hydroxylation of the dentine peptides compared with the skin peptides was also observed for both peptides a2 CB4 and a2 CB3.5.
The increased lysine hydroxylation of the peptides from helical sequences is significant because of the potential involvement ofsuch regions in the formation of intermolecular cross-links (Zimmermann et al., 1973) . Thus the increase in stable hydroxylysinederived reducible cross-links, which is reflected in a decrease of solubility of bone and dentine over skin, may be due to the availability of the hydroxylysines in the helical sequence for additional intermolecular cross-linking.
Reduced cross-link content offl-chains fl -and fl12-chains obtained from guanidinium chloride-soluble dentine showed the presence of both hydroxylysinohydroxynorleucine and hydroxylysinonorleucine after borohydride reduction. Hydroxylysinohydroxynorleucine was the predominant cross-link in both fl-chains, and although the sum of hydroxylysinohydroxynorleucine and hydroxylysinonorleucine was the same for both, the hydroxylysinohydroxynorleucine/hydroxylysinonorleucine ratios were slightly different, being 5.52 and 3.02 for fll-and fl12-chains respectively. This probably reflects differences in the extent of lysine hydroxylation at specific loci in the ald-and a2-chains.
Phosphate content Table 6 shows the phosphate content of the a-chains from rat dentine, bone and skin. These results for rat dentine a-chains are similar to those reported by Volpin & Veis (1973) for bovine dentine. The manner in which the phosphate groups are attached to dentine collagen is not at present known. Volpin & Veis (1973) suggested that in bovine dentine the phosphate groups may be present as hexose phosphate, since they detected phosphate only in those CNBr peptides that contained hexose as well. The results for rat bone a-chains are in close agreement with those reported by Miller & Martin (1968) 
Concluding remarks
On the basis of amino acid analysis of intact chains, as well as CNBr peptides from these chains, only alI and a2-chains were present in both neutralsalt-soluble and guanidinium chloride-soluble lathyritic-rat dentine collagens. These results confirm previous work (Butler & DeSteno, 1971; Scott & Veis, 1976 ) that showed that dentine collagen is essentially type I. The a1I-to a2-chain ratios of the soluble dentine collagens were, however, greater than the characteristic 2: 1 ratio for type I collagen. We have previously reported (Wohllebe & Car- michael, 1978) that for the undenatured neutralsalt-soluble dentine, the excess of alI-chains was due to the presence of(alI)3 along with (alDI)2A2 molecules, which could be separated from each other by fractional salt precipitation. The same argument may be true for the guanidinium chloride-soluble dentine, but preferential solubilization of all-chains not involved in cross-linking from type I molecules cannot be precluded. Examination of the CNBrpeptide patterns of the guanidinium chlorideinsoluble residue may shed light on this matter. The significance of the occurrence of (aII)3 molecules in lathyritic-rat dentine requires further study.
The availability of well characterized highly purified soluble collagen a-chains from dentine, as well as from bone (Stolz et al., 1973) , now paves the way for further work on collagen-mineral interactions in vitro, which may be expected to elucidate the role of hard-tissue collagens in the physiological mineralization process.
